fects in chromosome structure, DNA double-strand break (DSB) repair, and chromosome segregation. The prophase defects could be largely suppressed by preventing separase activation, suggesting that in mnd2D mutants inappropriate separase activation by premature securin degradation is primarily responsible for these defects. Mnd2 disappears at metaphase II, suggesting concurrent activation of APC
Ama1
. In combination with the published association of Mnd2 with the APC in meiosis, our data suggest that Mnd2 is a direct and coactivator-specific inhibitor of meiotic APC
.
Results

Deletion of MND2 Causes Loss of Sister Chromatid Cohesion (SCC) and a Defect in Chromatin
Condensation and DSB Repair during Meiosis MND2 was identified in a yeast screen, in which genes that are upregulated in meiosis were systematically deleted and tested for chromosome segregation (Rabitsch et al., 2001). We showed in that analysis that mnd2D mutants arrest before the first meiotic division and by genetic analysis that the arrest can be bypassed by eliminating meiotic recombination, but that MND2 has a vital role beyond DNA repair.
We therefore now analyzed mnd2D cells by meiotic chromosome spreading and immunolabeling of chromosomal axis proteins (Zip1 and Rec8). Zip1 localizes to synapsed regions of axial elements and is essential for synapsis (Sym et al., 1993; Sym and Roeder, 1995) and Rec8 decorates synapsed and unsynapsed chromosome axes in wild-type cells (Klein et al., 1999) (Figure 1A) . In contrast to wild-type, mnd2D cells largely lacked chromatin condensation and Zip1 antibody detected only small foci and polycomplexes (PCs), documenting the complete absence of synapsis. Also, hemagglutinine-tagged Rec8 appeared as unconnected foci in the majority of cells. Short axial fragments (Figure 1A) were only observed in rare exceptions in about w5% of spread nuclei. Rec8 label was strongly reduced and loss of sister chromatid cohesion (SCC) occurred at similar rates as in the rec8D mutant ( Figures  1B and 1C cells 50% of the time, consistent with random segregacells was further reduced in the presence of cycloheximide, while no decrease was apparent in MND2 cells tion of prematurely separated sisters.
Physical analysis of DSBs at a natural, well-charac-( Figure 2F ). We conclude that the turnover rate of securin is increased in mnd2D mutants. In the same experiterized hotspot for meiotic recombination (YCR048W) showed that DSBs were initiated and processed but not ment, we show that Rec8 protein, too, rapidly disappears upon the addition of cycloheximide in mnd2D repaired. Instead, a smear appeared below the DSB fragments indicative of 5#-end hyperresection usually cells as expected, if separase becomes ectopically activated during degradation of securin. When cyclohexiaccompanying defective strand invasion ( Figure 1E ). The observed defects are reminiscent of a rec8D demide was added to vegetative mnd2D cells, Pds1 levels remained constant (data not shown), suggesting the infect, raising the possibility that mnd2D mutants suffer from Rec8 deficiency.
volvement of a meiotic factor in premature securin degradation. Meiotic Pds1 levels are also significantly reduced in Rec8 Is Cleaved Prematurely in mnd2D Mutants mnd2D spo11 double mutants, in which DNA lesions A Rec8 deficiency could arise if Rec8 was cleaved in are bypassed and meiotic progression is partially rean untimely manner in mnd2D mutants. In order to visustored (Figure 2A ). Within the first 8 hr, Pds1 levels realize potential Rec8 cleavage products, we analyzed mained very low; however, at late time points they parRec8 in the absence of Ubr1, the E3 required for degratially recovered. Figure 2E shows that this recovery dation of Rec8 cleavage products according to the occurs in cells with bipolar spindles, with the highest N-end rule pathway (Varshavsky, 1997 ts , and cdc16-1 ts , are compatible with viabilanaphase is initiated. We therefore wished to determine whether a premature drop in securin levels was responity in the mnd2D background. As resolution of chiasmata by sister chromatid sepasible for Rec8 degradation.
We analyzed mnd2D and MND2 strains carrying a ration is predicted to depend on intact APC (Buonomo et al., 2000; Salah and Nasmyth, 2000), we analyzed functional, tagged version of securin (Pds1-MYC18) by Western blotting and by in situ staining in the absence chromosome structure as a sensitive measure of the mnd2D defect. Figure 3 shows that all three APC alleles of Ndt80 to prevent exit from prophase and, thus, scheduled Pds1 degradation. Western blotting revealed dratested are epistatic to mnd2D with respect to Zip1 and Rec8 axis formation at the restrictive temperature of matically reduced Pds1 levels from 2 hr in sporulation medium (SPM) onward (Figure 2A ). Of the remaining 35°C. Complete synapsis in apc2-8 ts and cdc27-663 ts cells was detected, though less frequently than in wildPds1, almost all appeared in the faster migrating nonphosphorylated Pds1 band, indicating that either the type. Inactivating these alleles, therefore, may reduce the efficiency of some functions, such as DSB formaslower migrating, phosphorylated form was preferentially eliminated or that phosphorylation of Pds1 was tion, condensation, or early steps in repair, essential for axis formation and synapsis. cdc16-1 ts differed from affected by the mnd2D mutation in the ndt80D background ( Figure 2B ). In situ staining confirmed the signifthe other two alleles because in these cells synapsis was never complete, with the majority of Rec8 axes icant reduction in Pds1 levels at 4, 8, and 12 hr during the ndt80D arrest ( Figures 2C-2E) . Absence of the actionly partially connected. Even when Rec8 axes were synapsed they appeared fuzzy and Zip1 axes were disvating phosphorylation from the surviving securin may exacerbate its inability to inhibit separase, as not a sincontinuous (Figure 3) . Nevertheless, the mnd2D deletion did not further exacerbate the defect of the cdc16-gle nucleus with substantial Zip1 axis formation could be detected (n = 1000). 1 ts mutant. Chromosome segregation was blocked at 35°C in all In order to investigate whether Pds1 protein is unstable during meiotic prophase in mnd2D mutants, we APC mutants, as expected, but they sporulated at 25°C, the permissive temperature for vegetative growth. This blocked synthesis of Pds1 by adding cycloheximide to the medium at t = 4 hr of a meiotic timecourse. Indeed, sporulation was independent of MND2. Western blots were stained using antibodies against Pds1-MYC18 and Rec8-HA3. Tubulin was used as a loading control. Protein was detected using ECL and quantified using the UVP AutoChemi System and LabWorks 4.5 software. Protein levels were normalized by their loading controls and are displayed below the Western panels (mnd2D bordeaux and MND2 blue). Scale units are arbitrary. and failed to suppress the inability of mnd2D cells to rads and restored spore viability to mnd2D cells (60% and 99%, respectively) (Table S2) . form complete tetrads. The other two alleles, cdc27-663 ts and apc2-8 ts , formed morphologically normal tetOur results show that the prophase defects of mnd2D mutants can be rescued by inactivating the APC. This Pds1 levels were not restored by deletion of CDH1 (Figure 4B ). suggests that the mnd2D phenotype is caused by inappropriate activation of separase via the APC. InterestSuppression of the chromosome morphology defects of mnd2D cells correlated with the Pds1 levels. Deletion ingly, a moderate reduction of the APC's activity can suppress virtually all negative effects of the mnd2D deof AMA1 suppressed all defects, while inactivation of CDC20 or CDH1 had no effect ( Figures 4C and 4E ). In letion.
contrast to AMA1 and CDC20, CDH1 is required to complete synapsis in MND2 cells. cdh1D cells only Deletion of the APC Regulatory Subunit Ama1 Restores Wild-Type Securin established partially synapsed bivalents with continuous Rec8 axes connected at one or several sites Levels in mnd2D Mutants Activation of the APC requires one of three homologous ( Figures 4C and 4E ). This suggests that ubiquitination and degradation of a substrate of APC Cdh1 is essential WD40 repeat proteins in S. cerevisiae, Cdc20, Cdh1/ Hct1, or the meiosis-specific Ama1. During vegetative to complete synapsis. Deletion of Ama1 in mnd2D cells also restored the growth, Cdc20 is required to mediate ubiquitination of Pds1 in wild-type cells (Visintin et al., 1997) . In order to ability to repair meiotic DSBs ( Figure 4D ) and insured normal progression through nuclear divisions and cortest the role of these activators in premature securin degradation in meiotic prophase in mnd2D mutants, we rect segregation of chromosomes to daughter nuclei. In 96% of mnd2D ama1D cells, URA3-GFP segregated inactivated them separately. While cdc20-3 ts had no effect, ama1D restored wild-type Pds1 levels and kinetics correctly to the four nuclei and the remaining 4% lacked just one of the four signals ( Figure 4C ). We conto mnd2D cells ( Figure 4A) . Surprisingly, deletion of Cdh1 also caused a significant increase in Pds1 levels clude that Ama1 is essential for premature destabilization of Pds1 in mnd2D mutants. , 1999) . Dbf4, a protein expressed early in meiosis, is present at similar levels in mnd2D and wild-type cells ( Figure 6A ). Cdc20 and Clb1 are expressed late in meiosis, shortly before the meiotic . We show that in the absence of Mnd2, Pds1 is destabilized in in the removal of a substrate, which critically interferes with synapsis and perhaps repair in meiotic prophase. meiotic prophase and that as a result, the delicate, multistep process of chromosome synapsis is comSince the APC alleles do not cause the strong synapsis defect, when inactivated during meiosis, Cdh1 may be pletely aborted. Suppression analysis identifies the inappropriate APC activity as the major cause of the prorequired during the cell cycle preceding meiosis. Alternatively, its role may not require all APC components. phase defects because elimination of either of two APC core subunits (Cdc27 and Apc2) by heat inactivation restores a largely normal pattern of synapsis. More Separase May Cleave a Substrate specifically, only one coactivator of the APC is responOther than Cohesin sible for the catastrophic prophase defects in mnd2D
Rec8 is cleaved and depleted early during prophase in cells, namely Ama1. Deletion of Ama1 in mnd2D cells mnd2D mutants, leading to a plethora of defects. The restores wild-type kinetics and wild-type levels of sec-REC8N mutant has been shown to be completely resisurin. Chromosome synapsis is normal, albeit with tant to separase (Buonomo et al., 2000) . It was, thereslightly reduced efficiency, nuclear divisions are resfore, not surprising that cohesion and axis formation cued, and chromosomes segregate with close to wilddefects of mnd2D were suppressed by a REC8N mutatype fidelity in both meiotic divisions. We conclude that tion. However, unexpectedly, while the REC8N mutant the lethal chromosome structure and repair defects itself showed extensive synapsis, rare and delayed synin mnd2D cells are caused by premature activity of apsis was detected in the mnd2D REC8N double mu-APC Ama1 , which identifies Mnd2 as its essential antagotant, contrasting strongly with the complete synapsis nist. APC Ama1 exerts its important functions around observed in mutants in which separase activation is anaphase II, when Mnd2 has disappeared, suggesting prevented (mnd2D esp1-2 ts and mnd2D PDS1N). Since that Mnd2 keeps APC Ama1 inactive until metaphase II. the possibility of yet another, independently regulated, nize Pds1. It also suggests that premature liberation of wave of proteolysis. While Cdh1's activity at mitotic exit separase is the major problem for these cells. Consisand at the very beginning of the cell cycle clears residtent with this idea, esp1-2 ts is epistatic to mnd2D reual cyclin B, securing, and Cdc20 to properly set the garding the prophase defects. When shifted to the recell cycle clock to zero, Cdc20 triggers sister sepastrictive temperature at t = 0, esp1-2 ts mutants are able ration. to complete synapsis but with reduced efficiency indeBesides the spindle checkpoint, which restricts pendent of Mnd2. Notably, we observed nuclei contain-APC Cdc20 activity in prometaphase using Mad2, APC ining long but completely unsynapsed Rec8 fragments hibitors are also known from higher organisms such as ( Figure 5A) 
